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multi-color emitting phosphor for UV w-LEDs†
Kai Li * and Rik Van Deun *
In this article, we report the preparation and luminescence properties of a series of novel rare-earth
doped KBaY(MoO4)3 phosphors. The XRD patterns for the as-prepared samples have been assigned to
the pure KBaY(MoO4)3 phase. The Tb
3+, Eu3+ and Sm3+ singly-doped phosphors all show good lumine-
scence properties with their characteristic excitations and emissions. We have optimized the rare-earth ion
doping concentrations, yielding the compositions KBaY0.60(MoO4):0.40Tb
3+, KBaY0.50(MoO4):0.50Eu
3+
and KBaY0.96(MoO4):0.04Sm
3+ with corresponding quantum yields of 15.80% (λex = 376 nm), 40.67% (λex
= 392 nm) and 16.79% (λex = 402 nm), respectively. In addition, we have chosen co-doping of Tb
3+/Eu3+
and Tb3+/Sm3+ into the host to realize tunable emission colors. We have observed energy transfer from
Tb3+ to Eu3+ and from Tb3+ to Sm3+ ions in the as-prepared samples, which resulted in tunable emission
colors from green to red and to orange-red under UV excitation, respectively. Moreover, investigation of
the excitation and emission spectra, and decay lifetimes with increasing doping concentrations conﬁrmed
eﬃcient energy transfer from Tb3+ to Eu3+ and from Tb3+ to Sm3+ ions in the co-doped samples. We also
analyzed the energy transfer mechanisms between Tb3+ and Eu3+ and between Tb3+ and Sm3+ and both
were determined to be dipole–dipole interactions. These results show that the as-prepared materials
could serve as candidate phosphors for use in UV-pumped w-LEDs.
1. Introduction
When considering global energy consumption, one area where
reduction could be achieved is illumination, as it accounts for
about 20% of the total energy consumption.1 White light-emit-
ting diodes (w-LEDs) have been considered as the next-gene-
ration lighting source, applied in illumination and displays,
compared to current incandescent and fluorescent lamps
owing to their attractive merits such as high eﬃciency, energy
saving properties, environmental friendliness, long lifetime,
compactness, etc.2–5 Currently, the main method to generate
white light is coating a broad-band yellow-emitting phosphor
Y3Al5O12:Ce(YAG) on a InGaN blue chip.
6 However, these
w-LEDs encounter the problem of a low color rending index
(CRI < 80) and high correlated color temperature (CCT >
7000 K) because of the lack of a red component in the emis-
sion spectrum, which limits their more vivid applications.7 In
order to overcome this problem, therefore, many eﬀorts have
been devoted to exploring suitable phosphors that can be
eﬃciently excited by blue LED chips such as Eu2+-doped
nitride/oxynitride CaSiAlN3:Eu
2+, Sr2AlxSi5−xN8−x/3:Eu
2+, LaBa/
SrSiO3N:Eu
2+ etc.8–10 as well as Mn4+-doped fluoride A2GeF6:
Mn4+ (A = Na, K, Rb, Cs) and Na3GaF6:Mn
4+ etc.11,12 However,
the preparation of nitride/oxynitride often requires harsh syn-
thesis conditions such as a high temperature and high
pressure, while fluorides often require HF which is harmful to
the environment as a raw material. Based on those reasons,
alternative routes to obtain high-quality white light have been
proposed, e.g. the combination of ultraviolet/near ultraviolet
(UV/n-UV) chips with blue, green, and red light-emitting phos-
phors.13,14 This strategy has shown excellent results with
regard to CCT, CRI and tunable CIE chromaticity coordinates.
Since the final properties of this kind of w-LEDs depend very
much on the selected phosphors, the development of suitable
phosphors that can be eﬃciently excited by UV/n-UV light is
intensely investigated.
It is well known that Tb3+ usually shows green emission
due to its transitions 5D4 →
7FJ ( J = 6, 5, 4, 3) upon UV/n-UV
excitation.15 Eu3+, a popular activator, can also yield narrow
line emission in the visible region, more specifically in the red
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wavelength region, owing to its 5D0 →
7F2 transition upon UV/
n-UV excitation,16 which has great significance to applications.
Sm3+ can be expected to provide an orange/red color com-
ponent in phosphors too, since the characteristic emissions
4G5/2 →
6HJ ( J = 5/2, 7/2, 9/2) of the Sm
3+ ion are located in the
orange/red region.17 In addition, the emission bands of Tb3+
usually have a good overlap with some excitation bands of
Eu3+ or Sm3+, and as a consequence, eﬃcient energy transfer
from Tb3+ to Eu3+ or Sm3+ has been shown to take place in
several hosts such as Ba3La(PO4)3:Tb
3+/Eu3+,18 KCaY(PO4)2:
Tb3+/Eu3+,19 Li3Ba2Y3(WO4)8:Tb
3+/Eu3+,20 CaLa2(MoO4)4:Tb
3+/
Sm3+,21 Ba3La(PO4)3:Tb
3+/Sm3+,22 Sr9Gd(PO4)5(SiO4)F2:Tb
3+/
Sm3+,23 which allows multi-color emission tuning from green
to red by changing the ratio of Tb3+ to Eu3+ or Sm3+ ions under
a single excitation wavelength. Therefore, it is encouraging
that dual emissions might be realized by this method.
As a large amount of inorganic functional materials, molyb-
date have been extensively investigated as the hosts for rare-
earth ions doping because of their high stability and outstand-
ing properties, which involve the down-shifting and up-conver-
sion luminescence materials, such as Li3Ba2Gd3(MoO4)8:RE
3+
(RE = Pr3+, Sm3+), Y2MoO6:Sm
3+, CaMoO4:Eu
3+, NaLa(MoO4)2:
Ce3+,Tb3+, SrMoO4:Ln (Ln = Eu
3+, Tb3+, Dy3+), Ba0.05Sr0.95MoO4:
Tm3+/Dy3+, NaYb(MoO4)2:Yb
3+,Tm3+/Er3+/Ho3+, or NaLa
(MoO4)2:Nd
3+/Yb3+/Ho3+ etc.24–32 In 1990, Kozhevnikova et al.
first reported a series of novel KBaRE(MoO4)3 (RE = La–Lu, Y,
Sc) compounds33 Recently, Yi et al. synthesized Nd-doped
KBaY(MoO4)3 polycrystalline and single crystal materials. They
reported structural details, which showed the material crystal-
lizing in the monoclinic system with space group C2/c and
they also reported the spectral characteristics of this material
as a laser crystal,34 which suggests the possibility for doping
other rare-earth ions to generate good luminescence properties
for w-LEDs. Moreover, the excellent physical, chemical and
thermal stability of molybdate accounts for the multiple
studies, in which it has been reported as a host for rare-earth
ion doping. Thus there is a lot of interest in investigating the
luminescent properties of other rare-earth ions doped KBaY
(MoO4)3 phosphors for w-LEDs. In this work, we report on the
synthesis, structure, photoluminescence and energy transfer
properties of a series of rare-earth ions singly and co-doped
molybdate-type phosphors, KBaY(MoO4)3:Ln
3+ (Ln3+ = Tb3+,
Eu3+, Sm3+, Tb3+/Eu3+, Tb3+/Sm3+), which can yield green, red
and tunable colors from green to red. In addition, we varied
the concentrations of the doped rare-earth ions to analyze the
concentration-dependent properties of the as-prepared phos-
phors. The results suggest this kind of novel phosphors can
serve as a multi-color component in UV w-LEDs.
2. Experimental section
2.1 Materials synthesis
A series of Ln3+(Ln3+ = Tb3+, Eu3+, Sm3+, Tb3+/Eu3+, Tb3+/Sm3+)
doped KBaY(MoO4)3 phosphors were synthesized using a
high-temperature solid-state reaction method. The detailed
compositions of the phosphors can be expressed as
KBaY1−x(MoO4)3:xTb
3+ (KBYMO:xTb3+), KBaY1−y(MoO4)3:yEu
3+
(KBYMO:yEu3+), KBaY1−z(MoO4)3:zSm
3+ (KBYMO:zSm3+),
KBaY0.60−y(MoO4)3:0.40Tb
3+,yEu3+ (KBYMO:0.40Tb3+,yEu3+)
and KBaY0.60−z(MoO4)3:0.40Tb
3+,zSm3+ (KBYMO:0.40Tb3+,
zSm3+) (x = 0–0.50, y = 0–0.60, z = 0–0.20) to show the correct
ratio of every element. Typically, raw materials K2CO3 (AR),
BaCO3 (AR), Y2O3 (99.99%), MoO3 (AR), Tb(NO3)3·5H2O
(99.99%), Eu(NO3)3·6H2O (99.99%) and Sm(NO3)3·6H2O
(99.99%) were stoichiometrically weighed according to the
chemical formula and mixed homogenously in an agate
mortar. Then the powders were ground for about 15 min with
a small amount of ethanol. Afterwards the mixtures were dried
in an oven at 60 °C and ground for another 2 min. After that
they were transferred to a ceramic crucible and sintered in a
heating oven at 850 °C for 7 h under mild (air) atmosphere.
Finally, all the white products were cooled and ground for
another 1 min for subsequent characterization.
2.2 Characterization
A Thermo Scientific ARLX’TRA diﬀractometer equipped with a
Cu Kα (λ = 1.5405 Å) source was used to carry out the powder
X-ray diﬀraction (XRD) measurements, keeping the scanning
rate at 5° min−1 in the scattering angle range (2θ) of 15°–65°.
An FT-IR-RAMAN-DRIFT NICOLET 6700 setup was used
to collect Fourier transform infrared (FT-IR) spectra.
Photoluminescence (PL), luminescence lifetimes and quantum
yield (QY) measurements for the samples were conducted on
an Edinburgh Instruments FLSP 920 UV-vis-NIR spectrofluori-
meter with an integrated sphere. Obtaining the QY using the
integrated sphere can be expressed as:35
η ¼
Ð
LemissionÐ
Eblank 
Ð
Lsample
ð1Þ
where Lemission is the integrated value of the emission spec-
trum, Eblank and Esample are the integrated values of the “exci-
tation” band of the blank and the excitation band of the
sample (since the sample absorbs part of the light, this value
will be smaller than Eblank), respectively. All the measurements
were performed at room temperature.
3. Results and discussion
3.1 Phase identification and crystal structure
The XRD patterns for the representative KBYMO host, and
the doped samples KBYMO:0.40Tb3+, KBYMO:0.20Eu3+,
KBYMO:0.14Tb3+, KBYMO:0.40Tb3+,0.02Eu3+ and
KBYMO:0.40Tb3+,0.08Sm3+ have been shown in Fig. 1 to recog-
nize the phase purity of as-prepared samples. It can be
observed that all the XRD patterns can be well assigned to the
standard KBaY(MoO4)3 compound supplied in the ref. 34,
suggesting that the as-prepared samples are single phase and
the rare-earth ions Tb3+, Eu3+ and Sm3+ have been accommo-
dated in the host lattice without generating any significant
change to the crystal structure of the matrix. On considering
Paper Dalton Transactions
6996 | Dalton Trans., 2018, 47, 6995–7004 This journal is © The Royal Society of Chemistry 2018
the ionic radius and valence state, it is accepted that Tb3+ [r =
1.04 Å, coordination number (CN) = 8], Eu3+ (r = 1.07 Å, CN = 8)
and Sm3+ (r = 1.09 Å, CN = 8) will substitute Y3+ (r = 1.02 Å,
CN = 8) sites randomly, which keeps the stability of the crystal
structure. According to the ref. 33, Fig. 2 shows the crystal struc-
ture of the KBaY(MoO4)3 compound which crystallizes in the
monoclinic system with space group C2/c and lattice parameter
a = 17.353(6) Å, b = 12.230(4) Å, c = 5.287(2) Å, V = 1080.3(7) Å3,
Z = 4.34 As seen in Fig. 2, the structure is mainly built up from
MoO6 and YO8 polyhedra groups, sharing their corner and
edge to generate a YO8-MoO6 polyhedral backbone which con-
nects with K+ and Ba2+ cations. It shows there are two kinds of
Mo sites to form Mo–O tetrahedra and octahedra (Fig. 2b) and
only one kind of Y site (Fig. 2a) coordinated by eight oxygen
atoms.
The FT-IR spectra of KBYMO:xTb3+,yEu3+ and KBYMO:
xTb3+,zSm3+ are shown in Fig. 3 to recognize the MoO4 and
MoO6 groups in these phosphors. The profiles of the doped
samples are similar to that of the KBYMO host, which is in
line with the XRD results. As a representative one, the FT-IR
spectrum of KBYMO:0.40Tb3+,0.08Sm3+ exhibits five obvious
peaks at 683, 765, 805, 847 and 909 cm−1 below 1000 cm−1 in
the collected range from 500 to 1400 cm−1, which can be
assigned to the F2(ν3) stretching vibrations of the O–Mo–O
bonds in the MoO4 and MoO6 groups.
36–38
3.2 Photoluminescence properties of Tb3+, Eu3+, Sm3+ singly
doped KBYMO
Fig. 4a shows the PL excitation and emission spectra of the
KBYMO:xTb3+ (x = 0.02–0.50) samples. Upon 376 nm exci-
tation, all the emission spectra have similar profiles with four
main peaks at 487, 542, 586 and 620 nm, which correspond to
the Tb3+ 5D4 →
7FJ ( J = 6, 5, 4, 3) transitions, respectively. The
dominant 5D4 →
7F5 transition makes the samples present a
green emission color, as shown for the representative
KBYMO:0.40Tb3+ sample in the inset of Fig. 4a, upon 365 nm
UV lamp excitation. The corresponding CIE chromaticity coor-
dinates (0.295, 0.620) are indeed located in the green region.
With increasing Tb3+ concentration from x = 0.02 to 0.50, the
emission intensity increases monotonously until y = 0.40,
beyond which the intensity begins to decrease, due to the con-
centration quenching eﬀect between Tb3+ ions, as displayed at
the top right corner of Fig. 4a. Monitored at 542 nm, the exci-
tation spectrum for KBYMO:0.40Tb3+ displays a broad band
around 271 nm, which is most likely a combination of the
spin-allowed Tb3+ 4f–5d transition and the Mo–O charge-trans-
fer transition, and several lines at 315, 338, 349, 356, 365 and
376 nm, which correspond to the 4f–4f spin-forbidden tran-
sitions 5H7 ←
7F6,
5L7,
5L8 ←
7F6,
5L9 ←
7F6,
5G5 ←
7F6,
5L10 ←
7F6 and
5G6 ←
7F6, respectively.
39,40 The quantum yield for the
KBYMO:0.40Tb3+ was measured to be 15.80% upon 376 nm
excitation (Fig. S1a†). In addition, a decay curve for this
sample was measured (λex = 376 nm, λem = 542 nm) and
plotted in Fig. 4b. It could be fitted well with a single-exponen-
tial function using the follow equation:41
I ¼ I0 expðt=τÞ þ A ð2Þ
where I0 and I refer to the luminescence intensities at time 0
and t, respectively. A is a fitting constant, and τ is the lumine-
Fig. 1 XRD patterns for the as-prepared KBaY(MoO4)3 host and the
rare-earth doped KBYMO phosphors, as well as the standard diﬀraction
positions of the reference KBaY(MoO4)3 compound.
Fig. 2 Crystal structure of the KBaY(MoO4)3 compound in diﬀerent
directions and corresponding coordination polyhedra for Y (a) and Mo
(b) atoms.
Fig. 3 FT-IR spectra of KBYMO:xTb3+,yEu3+ and KBYMO:xTb3+,zSm3+
samples.
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scence decay lifetime. Accordingly, the decay time is deter-
mined to be 640 μs.
Similarly, the PL emission spectra (λex = 392 nm) of
KBYMO:yEu3+ with diﬀerent doping concentrations y from
0.02 to 0.60, as shown in Fig. 4c, present several characteristic
sharp Eu3+ emission lines around 533 nm (5D1 →
7F1), 590 nm
(5D0 →
7F1), 614 nm (
5D0 →
7F2), 653 nm (
5D0 →
7F3) and
700 nm (5D0 →
7F4).
42 The profile of the lines almost does not
change with increasing Eu3+ concentration since the 4f valence
electrons of trivalent rare-earth ions are shielded by outer 5s
and 5p, and the inner 4f–4f transitions are almost not influ-
enced by the crystal field.43 The emission intensity increases
with increasing Eu3+ concentration and reaches a maximum
intensity when the Eu3+ concentration y gets to 0.50, as dis-
played at the top left corner in Fig. 4c, beyond which concen-
tration quenching occurs between Eu3+ ions, leading to the
decrease in the emission intensity. It is well known that the
5D0 →
7F2 red and
5D0 →
7F1 orange-red emissions are electric
dipole and magnetic dipole transitions, respectively, and the
former one being a hypersensitive transition and hence very
sensitive to the site symmetry, the latter one is insensitive to
the symmetry of the crystal environment.44 It is obvious that
Fig. 4 (a) PL excitation for KBYMO:0.40Tb3+ (λem = 542 nm) and emission spectra (λex = 376 nm) for KBYMO:xTb
3+ (x = 0.02–0.50), (c) PL excitation
for KBYMO:0.30Eu3+ (λem = 614 nm) and emission spectra (λex = 392 nm) for KBYMO:yEu
3+ (x = 0.02–0.60) and (e) PL excitation for
KBYMO:0.04Sm3+ (λem = 644 nm) and emission spectra (λex = 402 nm) for KBYMO:zSm
3+ (z = 0.01–0.20), as well as the corresponding variations of
the emission intensities as a function of concentration; (b), (d) and (f ) are the decay curves for KBYMO:0.40Tb3+ (λem = 542 nm, λex = 376 nm),
KBYMO:0.30Eu3+ (λem = 614 nm, λex = 392 nm) and KBYMO:0.04Sm
3+ (λem = 644 nm, λex = 402 nm) and the corresponding ﬁtting results, respect-
ively. The insets in Fig. 4a, c and e are the CIE chromaticity coordinates for KBYMO:0.40Tb3+ (λex = 376 nm), KBYMO:0.50Eu
3+ (λex = 392 nm) and
KBYMO:0.04Sm3+ (λex = 402 nm), as well as the corresponding luminescence photos under a 365 nm UV lamp excitation, respectively.
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the peak intensity at 614 nm, the preferential red component
for high eﬃciency luminescence w-LEDs, is much stronger
than that of the other peaks, which indicates that the Eu3+ ion
occupies a site without inversion symmetry. Generally, the
intensity ratio R of the 5D0 →
7F2 (I2) to
5D0 →
7F1 (I1) tran-
sitions can give some information on the local crystal field
environment around the Eu3+ ion located in the host lattice.
Here, I2 and I1 are defined as the integrated values of the
corresponding peaks in the emission spectra (in this specific
case within the range 600–635 nm and 580–600 nm, respect-
ively). The calculated R values for the KBYMO:xEu3+ (x = 0.12,
0.20, 0.30, 0.40, 0.50) samples are 8.01, 8.10, 8.42, 8.76, and
8.96, which are relatively large values for typical Eu3+ phos-
phors, e.g. when comparing with Y2O3:Eu
3+ (3.6) or YPO4:Eu
3+
(0.978).45,46 Furthermore, it can be seen that R increases with
increasing Eu3+ concentration, which points to an increase of
the asymmetry of the Eu3+ environment. This can be explained
by a more severe distortion of the host lattice when more and
more Eu3+ ions are introduced into the host. On the other
hand, the R also has an influence on the chromaticity of the
red color. The CIE chromaticity coordinates for
KBYMO:0.50Eu3+ are calculated to be (0.658, 0.341) and
marked in the inset of Fig. 4c, as well as (0.646, 0.353), (0.651,
0.348), (0.654, 0.345) and (0.657, 0.343) for the other samples
KBYMO:0.06Eu3+, KBYMO:0.20Eu3+, KBYMO:0.30Eu3+, and
KBYMO:0.40Eu3+: these coordinates get closer to the standard
red point (0.667, 0.333) with increasing Eu3+ concentration.
The corresponding bright red luminescence upon 365 nm UV
lamp excitation has been illustrated by the photograph in the
inset of Fig. 4c. In addition, the quantum yield (λex = 392 nm)
for this sample was determined to be 40.67% (Fig. S1b†). The
excitation spectrum of the representative sample
KBMYO:0.30Eu3+ has been shown in Fig. 4c, which presents a
broad band around 305 nm and several characteristic lines at
361, 381, 392, 413 and 463 nm, respectively. These correspond
to the Mo–O charge-transfer transition and the characteristic
Eu3+ 4f–4f transitions 5D4 ←
7F0,
5L7,
5G5 ←
7F1/
5G2,4,6 ←
7F0,
5L6 ←
7F0,
5D3 ←
7F1, and
5D2 ←
7F0, respectively.
47,48 As can
be seen, the intensity of the 5L6 ←
7F0 transition at 392 nm is
the strongest and thus this wavelength was taken as the exci-
tation wavelength for the measurement of the emission
spectra of the KBYMO:Eu3+ phosphors displayed in Fig. 4c.
The decay curve (λex = 392 nm) for the KBMYO:0.30Eu
3+ phos-
phor monitored at 614 nm in Fig. 4d could also be fitted well
with the single-exponential function mentioned above, yield-
ing a decay time of 582 μs.
As for the KBYMO:Sm3+ phosphors, the PL excitation (λem =
644 nm) and emission (λex = 392 nm) spectra are displayed in
Fig. 4e. With increasing Sm3+ concentration z from 0.01 to
0.20, the general appearance of the emission spectra does not
change, showing four narrow bands originating from the
characteristic Sm3+ f–f transitions around 561 nm (4G5/2 →
6H5/2), 597 nm (
4G5/2 →
6H7/2), 644 nm (
4G5/2 →
6H9/2) and
705 nm (4G5/2 →
6H11/2).
49 The change of the emission inten-
sity (λex = 402 nm) with increasing doping concentration
shown at the top left corner of Fig. 4e illustrates that
maximum intensity is reached when the Sm3+ concentration z
reaches 0.04, beyond which a decrease in intensity occurs,
attributed to the normal concentration quenching eﬀect. The
CIE chromaticity coordinates of this sample are calculated to
be (0.603, 0.396), as marked in the CIE chromaticity diagram
together with the bright orange/red luminescence photo under
365 nm UV lamp excitation, in Fig. 4e. The quantum yield of
this sample was determined to be 16.79% upon 402 nm exci-
tation (Fig. S1c†). The excitation spectrum for
KBYMO:0.04Sm3+ exhibits a small broad band around 313 nm
together with several characteristic lines at 343, 360, 374, 402,
419 and 460 nm, which are attributed to the Mo–O charge-
transfer transition and the characteristic Sm3+ f–f transitions
4D7/2 ←
6H5/2,
4D3/2,(
4D,6P)5/2 ←
6H5/2,
6P7/2 ←
6H5/2,
6P3/2 ←
6H5/2, (
6P,4P)5/2 ←
6H5/2, and
4I13/2 ←
6H5/2, respectively.
50–52
Since the intensity of the 6P3/2 ←
6H5/2 transition (402 nm) is
the largest, this wavelength was used as the excitation wave-
length to record the emission spectra of the KBYMO:zSm3+
phosphors plotted in Fig. 4e. The decay curve (λex = 402 nm)
plotted in Fig. 4f for KBYMO:0.04Sm3+ monitored at 644 nm
could again be fitted well with a single-exponential function,
yielding a luminescence decay time of 623 μs.
3.3 Photoluminescence and energy transfer properties in
Tb3+, Eu3+ and Tb3+, Sm3+ co-doped KBYMO
Fig. 5a shows the PL excitation spectra monitored at 614 nm of
the KBYMO:0.04Eu3+ and KBYMO:0.40Tb3+,0.04Eu3+ samples.
As can be seen, the excitation profile (λem = 614 nm) of
KBYMO:0.40Tb3+,0.04Eu3+ not only contains the characteristic
Eu3+ excitation lines, but also signals from Tb3+ can be
observed (indicated with orange dotted circles in Fig. 5a). This
is clear from comparison with the excitation spectrum of
KBYMO:0.04Eu3+ (λem = 614 nm) in Fig. 5a and that of
KBYMO:0.40Tb3+,0.04Eu3+ (λem = 542 nm) in Fig. 5b.
Comparable results originate from the
KBYMO:0.40Tb3+,0.08Sm3+ (λem = 644 nm) sample as can be
seen in Fig. 5c and d. These results indicate that Eu3+ lumine-
scence around 614 nm in KBYMO:Tb3+,Eu3+ and Sm3+ lumine-
scence around 644 nm in KBYMO:Tb3+,Sm3+ can be obtained
by exciting in Tb3+ lines, that is, that energy transfer from Tb3+
to Eu3+ and from Tb3+ to Sm3+ ions takes place in these
KBYMO:Tb3+,Eu3+ and KBYMO:Tb3+,Sm3+ phosphors.
In order to understand the energy transfer process in co-
doped samples, a series of KBYMO:0.40Tb3+,yEu3+ (y =
0.01–0.16) and KBYMO:0.40Tb3+,zSm3+ (z = 0.01–0.20) samples
was prepared. Fig. 6a shows the emission spectra of these
samples and the corresponding intensity variations of the Tb3+
and Eu3+ signals. Upon 376 nm excitation, the emission
spectra of KBYMO:0.40Tb3+,yEu3+ contain both Tb3+ and Eu3+
emission lines, moreover, whereas the Tb3+ emission intensity
decreases monotonously with increasing Eu3+ concentration
and the Eu3+ emission intensity increases correspondingly,
which is displayed at the top right corner in Fig. 6a. In this
experimental concentration range, no concentration quench-
ing eﬀect for Eu3+ emission is observed. Somewhat similar
results are observed for the KBYMO:0.40Tb3+,zSm3+ samples in
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Fig. 6b, while the diﬀerence is that here the Sm3+ emission
intensity decreases beyond a Sm3+ concentration z = 0.08,
which is caused by the concentration quenching eﬀect
between Sm3+ ions. These results illustrate the obvious energy
transfer process from Tb3+ to Eu3+ and from Tb3+ to Sm3+ ions
in KBYMO:Tb3+,Eu3+ and KBYMO:Tb3+,Sm3+ materials under
UV excitation.
To further illustrate the energy transfer process from Tb3+
to Eu3+ and from Tb3+ to Sm3+ ions in these co-doped samples,
the Tb3+ luminescence decay curves (λex = 376 nm, λem =
542 nm) in these samples were recorded. All the Tb3+ decay
curves obtained from KBYMO:0.40Tb3+,yEu3+ (y = 0, 0.02, 0.04,
0.08, 0.12 and 0.16) (Fig. 7a) and KBYMO:0.40Tb3+,zSm3+ (y =
0, 0.01, 0.04, 0.08, 0.14 and 0.20) (Fig. 7b) can be well-fitted
with single-exponential functions, similar to the above men-
tioned singly doped samples. The fitted decay times are 640,
625, 590, 550, 508 and 470 μs corresponding to y = 0, 0.02,
0.04, 0.08, 0.12 and 0.16, respectively, and 634, 585, 536, 495
and 447 μs corresponding to z = 0, 0.01, 0.04, 0.08, 0.14 and
0.20, respectively, as shown in Fig. 7a and b. This is in line
with the monotonous decrease of the Tb3+ emission in both
KBYMO:0.40Tb3+,yEu3+ and KBYMO:0.40Tb3+,zSm3+ phos-
phors with increasing Eu3+ and Sm3+ concentration, which
results from the increasing degree of energy transfer from Tb3+
to Eu3+ and from Tb3+ to Sm3+ ions upon increasing Eu3+ and
Sm3+ concentration in these co-doped samples.
3.4 Energy level diagram, energy transfer eﬃciency, CIE
chromaticity coordinates and energy transfer mechanism
Fig. 8 shows a concise energy level diagram illustrating the
energy migration processes for Tb3+, Eu3+ and Sm3+ ions in the
KBYMO host. Upon UV excitation, electrons from the Tb3+
ground energy level 7F6 are first populated to the
5G6 level,
after, which they relax to 5D3 and
5D4 levels by virtue of non-
radiative relaxation (NR) processes. From the 5D4 excited state,
they relax to the lower lying states in a radiative manner, gener-
ating the typical Tb3+ emission spectrum. As for Eu3+, the elec-
trons from the 7F0 ground state are pumped to excited states
5L6 and
5D3 by UV and blue light excitation, respectively.
Subsequently, the electrons relax to the 5D0 excited state via
Fig. 5 PL excitation spectra for (a) KBYMO:xTb3+,yEu3+ (x = 0, y = 0.04; x = 0.40, y = 0.04) monitored at 614 nm, (b) KBYMO:xTb3+,yEu3+ (x = 0.40,
y = 0.04) monitored at 542 nm, (c) KBYMO:xTb3+,zSm3+ (x = 0, y = 0.08; x = 0.40, y = 0.08) monitored at 644 nm and (d) KBYMO:xTb3+,zSm3+ (x =
0.40, z = 0.08) monitored at 542 nm.
Fig. 6 Emission spectra and corresponding emission intensity variation for (a) KBYMO:xTb3+,yEu3+ (x = 0.40, y = 0, 0.01, 0.02, 0.04, 0.08, 0.12 and
0.16) and (b) KBYMO:xTb3+,zSm3+ (x = 0.40, z = 0, 0.01, 0.04, 0.08, 0.14 and 0.20).
Paper Dalton Transactions
7000 | Dalton Trans., 2018, 47, 6995–7004 This journal is © The Royal Society of Chemistry 2018
NR processes, after which radiative transitions from the 5D0
level to lower lying states take place to generate light. For the
singly doped Sm3+ materials, a similar excitation–emission
process can be invoked, as displayed in Fig. 8. In the co-doped
samples, the excited electrons at the 5D4 level of the Tb
3+ ions
can move to the 5D1 excited state of Eu
3+ ions or the 4G7/2
excited level of Sm3+ because of energy level matching, which
is then followed by red (Eu3+) or orange-red (Sm3+) lumine-
scence due to the characteristic Eu3+ and Sm3+ 4f–4f transitions.
Generally, the energy transfer eﬃciency (ηT) from a sensi-
tizer to an activator in phosphors can be calculated using the
following formula:53,54
ηT ¼ 1 τ=τ0 ð3Þ
Moreover, the energy transfer probability (PT) can be
acquired from using another equation:55,56
PT ¼ 1=τ  1=τ0 ð4Þ
Here τ and τ0 are the decay times of Tb
3+ (λex = 376 nm, λem =
542 nm) in KBYMO:0.40Tb3+ and KBYMO:0.40Tb3+,yEu3+ or
KBYMO:0.40Tb3+,zSm3+ phosphors, respectively. Accordingly,
ηT is determined to be 0.0234, 0.0781, 0.141, 0.206 and 0.266
together with values of PT = 0.0375, 0.132, 0.256, 0.406 and
0.565 ms−1 corresponding to y = 0.02, 0.04, 0.08, 0.12 and 0.16
for KBYMO:0.40Tb3+,yEu3+, as shown in Fig. 9a and c, respect-
ively. Similarly, ηT is 0.009, 0.0859, 0.163, 0.227 and 0.302
corresponding to z = 0.01, 0.04, 0.08, 0.14 and 0.20 for
KBYMO:0.40Tb3+,zSm3+, and the values of PT are approxi-
mately 0.015, 0.147, 0.303, 0.458 and 0.675, as displayed in
Fig. 9b and d, respectively. It can be concluded that for a
given, fixed concentration of Tb3+ in these co-doped samples,
both values of ηT and PT in KBYMO:0.40Tb
3+,yEu3+ or
KBYMO:0.40Tb3+,zSm3+ increase monotonously with increas-
ing Eu3+ or Sm3+ concentration, indicating that the energy
transfer process becomes more eﬃcient with higher Eu3+ or
Sm3+ concentration.
The CIE chromaticity coordinates (λex = 376 nm) of
KBYMO:0.40Tb3+,yEu3+ and KBYMO:0.40Tb3+,zSm3+ phos-
phors with varying Eu3+ and Sm3+ concentrations, respectively,
are shown in Fig. 10a and b. It can be seen that the CIE
chromaticity coordinates vary from the green region [(0.295,
0.620) for y = 0] to the red [(0.597, 0.385) for y = 0.16] and
orange-red [(0.517, 0.441) for z = 0.20] regions for the
KBYMO:0.40Tb3+,yEu3+ and KBYMO:0.40Tb3+,zSm3+ phos-
phors with increasing Eu3+ and Sm3+ concentrations, respect-
ively. The detailed values for these two kinds of phosphors are
listed in Tables 1 and 2. The insets in Fig. 10a and b supply
the luminescence photos under 365 nm UV lamp excitation for
the KBYMO:0.40Tb3+,yEu3+ and KBYMO:0.40Tb3+,zSm3+ phos-
Fig. 7 Luminescence decay curves (λex = 376 nm, λem = 542 nm) for (a) KBYMO:0.40Tb
3+,yEu3+ (y = 0, 0.02, 0.04, 0.08, 0.12 and 0.16) and (b)
KBYMO:0.40Tb3+,zSm3+ (z = 0, 0.01, 0.04, 0.08, 0.14 and 0.20).
Fig. 8 Schematic energy level diagram together with the excitation and
emission mechanisms in KBYMO:Tb3+,Eu3+ and KBYMO:Tb3+,Sm3+
phosphors [energy transfer (ET), non-radiative relaxation (NR)].
Fig. 9 Dependence of energy transfer eﬃciency (ηT) on (a) Eu
3+ and (b)
Sm3+ concentration in KBYMO:0.40Tb3+,yEu3+ and KBYMO:0.40Tb3+,
zSm3+ phosphors, respectively; (c) and (d) are the energy transfer prob-
ability (PT) for KBYMO:0.40Tb
3+,yEu3+ and KBYMO:0.40Tb3+,zSm3+
phosphors as a function of (c) Eu3+ and (d) Sm3+ concentration,
respectively.
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phors. The observed color-change from green to red and
orange-red coincides with the variation of the CIE chromaticity
coordinates. This illustrates that the phosphors have potential
as a multi-color component for use in UV w-LEDs.
Generally, the resonant energy transfer mechanism from a
sensitizer to an activator in a phosphor contains exchange
interaction and electric-multipole interactions.57,58 In order to
determine the resonant energy transfer mechanisms from
Tb3+ to Eu3+ and from Tb3+ to Sm3+ ions in these KBYMO:Tb3+,
Eu3+ and KBYMO:Tb3+,Sm3+ phosphors, the critical distances
(Rc) for the co-doped samples are first evaluated using the fol-
lowing equation:59,60
Rc ¼ 2½3V=4πxcN1=3 ð5Þ
The parameters V and N are the volume of the unit cell and
the number of cations (Y) for dopant substitution in the unit
cell, respectively. xc is the critical concentration which is
defined for the total concentration of Tb3+ and Eu3+ or Sm3+
ions when the Tb3+ intensity in co-doped samples is half of
that at the singly-doped condition. Herein, V = 1080.3(7) Å3,
N = 4, according to Fig. 6a and b, xc is approximately 0.50 for
KBYMO:Tb3+,Eu3+ and 0.47 for KBYMO:Tb3+,Sm3+.
Consequently, the critical distances (Rc) for KBYMO:Tb
3+,Eu3+
and KBYMO:Tb3+,Sm3+ are calculated as 10.10 and 10.31 Å,
respectively. It is obvious that these values are much larger
than that of 5 Å, which is usually found as the maximum
distance for the exchange interaction model.61 Therefore,
exchange interaction should be excluded here and it can be
assumed that electric-multipole interactions would
dominate the energy transfer mechanism from Tb3+ to Eu3+
and from Tb3+ to Sm3+ ions in these co-doped samples.
According to Dexter’s proposal and Reisfeld’s approxi-
mation for the energy transfer expression for multipolar
interactions, the relationship can be expressed as
follows:62–64
ηS0=ηS / Cn=3 ð6Þ
Here, ηS0 and ηS represent the luminescence quantum eﬃcien-
cies of Tb3+ with and without the activator Eu3+ or Sm3+. C is
the doping content of Eu3+ or Sm3+ ions. And the n = 6, 8, and
10 are assigned to the electric dipole–dipole, dipole–quadru-
pole and quadrupole–quadrupole interactions, respectively.
The value of ηS0/ηS is usually approximated by the intensity
ratio IS0/IS since it can be much more easily calculated.
Accordingly, the values have been calculated and plotted in
Fig. 11a–f for the KBYMO:Tb3+,Eu3+ and KBYMO:Tb3+,Sm3+
samples, respectively. The linear fittings for these two kinds of
samples show the best linear relationship is found when n = 6
in both of them, confirming the energy would be transferred
via electric dipole–dipole interactions in both kinds of
samples.
As for the dipole–dipole interaction mechanism, Rc can also
be approximated using the spectral overlap method, which is
expressed below:65,66
R6c ¼ 3:024 1012fd
ð
fsðEÞfAðEÞ
E4
dE ð7Þ
Here fd ≈ 10−2 is the electric-dipole oscillator strength for Eu3+
or Sm3+. E refers to the energy involved in the transfer (in eV), andÐ
fSðEÞfAðEÞ=E4dE ¼ 2:472 105 eV1 and 1:725 104 eV1
are the spectral overlap between the normalized profiles of the
Tb3+ emission fS(E) and the Eu
3+ (Fig. S2a†) or Sm3+ (Fig. S2b†)
excitation fA(E). Using these values, the critical distance Rc is
10.69 Å for the KBYMO:Tb3+,Eu3+ and 14.78 Å for the KBYMO:
Tb3+,Sm3+ samples, which coincides reasonably well with the
values found above, further confirming the electric dipole–
dipole interactions as main energy transfer mechanisms from
Tb3+ to Eu3+ and from Tb3+ to Sm3+ ions in these co-doped
samples.
Fig. 10 CIE chromaticity coordinates (λex = 376 nm) for (a)
KBYMO:0.40Tb3+,yEu3+ and (b) KBYMO:0.40Tb3+,zSm3+ phosphors with
varying Eu3+ and Sm3+ concentrations. The insets are the corresponding
digital luminescence photos under a 365 nm UV lamp excitation.
Table 1 CIE chromaticity coordinates (λex = 376 nm) for (a)
KBYMO:0.40Tb3+,yEu3+ phosphors
Sample no. Concentration (y) CIE coordinates (x, y)
1 0 (0.295, 0.620)
2 0.01 (0.333, 0.582)
3 0.02 (0.369, 0.565)
4 0.04 (0.421, 0.511)
5 0.08 (0.501, 0.444)
6 0.12 (0.562, 0.411)
7 0.16 (0.597, 0.385)
Table 2 CIE chromaticity coordinates (λex = 376 nm) for
KBYMO:0.40Tb3+,zSm3+ phosphors
Sample no. Concentration (z) CIE coordinates (x, y)
1 0 (0.295, 0.620)
2 0.01 (0.326, 0.588)
3 0.04 (0.399, 0.541)
4 0.08 (0.442, 0.501)
5 0.14 (0.475, 0.475)
6 0.20 (0.517, 0.441)
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4. Conclusions
In summary, a series of KBYMO:Ln3+ (Ln3+ = Tb3+, Eu3+, Sm3+,
Tb3+/Eu3+, Tb3+/Sm3+) were prepared using a high-temperature
solid-state reaction method. The Tb3+, Eu3+ and Sm3+ singly
doped samples show characteristic excitation and emission
spectra due to their 4f–4f transitions. The dopant concen-
trations were optimized, and the optimal compositions were
found to be KBYMO:0.40Tb3+, KBYMO:0.50Eu3+ and
KBYMO:0.04Sm3+, with corresponding quantum yields of
15.80% (λex = 376 nm), 40.67% (λex = 392 nm) and 16.79%
(λex = 402 nm), respectively. More importantly, the CIE chroma-
ticity coordinate for the KBYMO:0.50Eu3+ sample (0.658,
0.341) is very close to the standard red light (0.667, 0.333),
suggesting it as a good red component candidate for w-LEDs.
In the co-doped KBYMO:Tb3+,Eu3+ and KBYMO:Tb3+,Sm3+
samples, the energy transfer phenomena have been observed
via the variation of the emission spectra (λex = 376 nm) and
corresponding tunable emission colors. This was further illus-
trated by the excitation spectra (λem = 614 nm in KBYMO:Tb
3+,
Eu3+ and 644 nm in KBYMO:Tb3+,Sm3+) and the decay curves
obtained from the Tb3+ emissions (λex = 376 nm, λem =
542 nm). The energy transfer mechanisms were determined to be
electric dipole–dipole interactions in nature, for both Tb3+/Eu3+
and Tb3+/Sm3+ co-doped samples. The critical distance Rc was
calculated using the concentration quenching and spectral
overlap methods, further certifying that the electric dipole–
dipole interactions can be reasonably invoked for the energy
transfer mechanisms in the co-doped samples. These results
show that the as-prepared samples are potentially good
candidates as multi-color phosphors to be applied in UV
w-LEDs.
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